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Abstract – Application of vibration in metal forming process has already shown numerous advantages
in the past. It improves not only mechanical and surface properties of workpiece but the integration of
vibration in metal forming process has also been helpful in the reduction of forming force required for the
process. Majority of the work done before in this ﬁeld is related to single vibration source vibration and its
application in metal forming process. The aim of this work is to develop a mathematical model for multi
vibration assisted forging process. The combination of multi mechanical vibrations generates a complicated
movement of lower die without deforming it. This developed mathematical model proves that movement
is basically in the form of progressive wave in the lower die thus resulting local surface movement. In
reality this movement can be generated by the vibration given by multi piezoelectric actuators. Based
on this mathematical model, simulations using ﬁnite element software Forge2011 r© have been performed
to observe the presence of progressive wave in the workpiece. The simulations’ kinematics conﬁrms the
existence of progressive wave in the workpiece. Simulation results demonstrate the eﬀect of progressive
wave to reduce the forging force, reduction of friction on the lower surface of die and hence improvement
the forging process. Based on the developed mathematical model and simulation results, design proposition
for multi vibration assisted forging process has been presented in this work.
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1 Introduction
Due to the signiﬁcance of metal forming processes in
automotive, avionics and biomedical industries, rigorous
eﬀorts were made to improve these forming processes.
Many techniques were developed for this purpose. The
two traditional techniques to improve the forming process
are the use of lubricants and preheating the material.
The major beneﬁts of using lubricants are the re-
duction of forging load, tools’ wear and improved sur-
face ﬁnish (surface eﬀect). The main limitation in using
lubricants is the incompatibility with environment and
its chemical reaction with tool/workpiece material. With
the preheating method, the material’s ductility increases
while yield strength decreases (volume eﬀect) but it af-
fects important material properties such as surface struc-
ture, crystallographic structure and material strength as
during heating there are voids, composition, and inclusion
or precipitation formation.
a Corresponding author: Armaghan.Khan@ensam.eu
Application of vibration is the most recent and bene-
ﬁcial technique to improve the forming processes because
it oﬀers both surface and volume eﬀects [1]. During the
application of vibration in metal forming process, the con-
tact between lower die and workpiece is periodic thus
causing less friction between surfaces. Vibration also in-
ﬂuences the movement of dislocation, producing plasticity
which is the main aim of the forming processes. More-
over, it can prevent the undesirable eﬀects related to two
preceding techniques.
Until now, most of research in vibration assisted form-
ing process concentrates on applying vibration in one di-
rection using single vibration source. Vibration assisted
forming processes can be divided into two domains de-
pending upon the frequency application domains (ul-
trasonic and low frequency). Mostly researchers have
applied ultrasonic vibration during diﬀerent forming pro-
cesses. For ultrasonic vibration assisted drawing pro-
cess [2–5], it was observed that drawing force required
for the process has decreased in the presence of vi-
bration. Reduction in friction between punch-workpiece
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(smooth surface) is observed along with reduction in wrin-
kling and cracking. Application of vibration in extru-
sion processes [6–10] has shown various advantages in-
cluding reduction of extrusion force, friction and material
ﬂow stresses. Other important ﬁnding from these research
works predicts increase in bursting pressure of pipe, ten-
sile yield strength,higher crystallinity, larger crystal sizes
and more perfect crystals. For vibration assisted upsetting
processes [11–16], it was observed that there is reduction
in mean upsetting/compression force, mean ﬂow stresses,
barreling, friction between die and workpiece with the in-
tegration of vibration in the process.
On the other hand, industrial application of ultra-
sonic vibration is limited by the power rating of ultra-
sonic generators [17] and also low frequencies are usually
recommended, in order to avoid large reactive current in
piezoelectric actuator. Vibration impact forging and forg-
ing with a superimposed vibration load (at 10–40 Hz fre-
quency) gives a 50% increase in deformation and a similar
reduction in speciﬁc pressure. At the same time, the ten-
dency of the blank forged to assume a barrel-like shape is
reduced, as a result of which both the stresses and strains
are more uniformly distributed. During their research Ly
et al. [18, 19] have worked on low vibration assisted forg-
ing process. Experimental setup incorporating piezoelec-
tric actuator was developed to generate mechanical vibra-
tions and it is placed under the lower die of Lloyd machine
used for forging purpose. Norton-Hoﬀ law was used to de-
scribe the viscoplastic behaviour of plasticine. Analytical
model was developed to ﬁnd the gain in forging force re-
duction and is compared with ﬁnite element simulations
and experimental results. Khan et al. [20] use the same
experimental setup and applied diﬀerent types of wave-
forms during the upsetting process. It was observed that
triangular vibration gave more forging force reduction as
compared to sinusoidal vibration [21]. This gives a novel
idea of using diﬀerent waveforms in vibration assisted
forming processes [22]. Some studies have been performed
in the domain of orbital forging combined with transla-
tion [23,24] and has shown tendency of obtaining surface
and volume eﬀects by changing frequency and amplitude
of vibration.
Standing waves propagation in the tool used for mi-
croforming has been brieﬂy discussed by Presz [1] that
caused complicated usually 3D periodic deformation of
tool resulting local surface movement so points of tool
are moving on diﬀerent ways. This research work con-
centrates on the propagation of progressive wave in the
lower die due to the combination of vibration generated
by multi vibration sources. This research work will consist
of three main parts. The ﬁrst part is the kinematic study
and mathematical modeling of progressive wave by using
multi vibration sources as it has long been mentioned that
wave can be produced by mechanical vibration. The sec-
ond part concentrates on ﬁnite element simulations per-
formed in software Forge2011 r© to see the impact of using
progressive wave in the forging process and its eﬀect on
forging load’s reduction. The third part of this work con-
sists of design of mechanical system for multi vibration
Fig. 1. Schematic view of the kinematics for the lower die in
the forging process.
assisted forging and mathematical modeling to show the
transmission of force and movement from piezoelectric ac-
tuators to lower die. Finally, conclusion and perspective
of experimental veriﬁcation will be outlined in the last
section of this article.
2 Kinematic model of the lower die
and generation of progressive wave
In order to perform forging of a cylindrical billet, lower
die is the mechanical interface which will transmit the
vibrations to billet. To generate complex vibration wave-
forms from the movement of multi piezoelectric actuators,
the die must be guided by a mechanical system having a
deﬁned degree of freedom (dof). By limiting degree of free-
dom (dof), mechanical system facilitates controlled multi-
actuator system for a desired vibration. To establish a
mathematical model of progressive wave on the lower die,
the movement of two points in this die will be analyzed.
Two cartesian frames are used in this study: R0 is the one
attached to the ﬁxed base and Rd is the other attached to
the lower die. In the Rd frame, a point M with coordinate
(x, y, 0) and O1 with coordinate (x1, y1, 0) are considered
for kinematic study (Fig. 1). A cylindrical workpiece is
put in contact with two die’s surfaces and its symmetri-
cal axis is on the Oz axis.
If the movement of lower die is deﬁned by two rota-
tions (around x and y axes) and one translation (in z-
direction), the rotation of the lower die expressed in the
ﬁxed base R0 can be presented by the following matrix:
Rx.Ry =
⎡
⎣1 0 00 1 −θx
0 θx 1
⎤
⎦
⎡
⎣ 1 0 θy0 1 0
−θy 0 1
⎤
⎦ =
⎡
⎣ 1 0 θyθxθy 1 −θx
−θy θx 1
⎤
⎦ (1)
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where Rx, Ry are the matrices of rotation around x and
y axes with the small angles of rotation θx and θy. The
position of points M and O can be deﬁned in R0:
O0M(R0) =
⎡
⎣ xy
−xθy + yθx + z
⎤
⎦
O0O1(R0) =
⎡
⎣ x1y1
−x1θy + y1θx + z
⎤
⎦ (2)
Now, if the movement at point O1 is imposed as:
−x1θy + y1θx + z = za(t) (3)
then the movement of point M can be obtained as follows:
O0M(R0) =
⎡
⎣ xy
−(x− x1)θy + (y − y1)θx + za(t)
⎤
⎦ (4)
If we assigned: x − x1 = R cosψ and y − y1 = R sinψ,
then we can have:
zM (t) = −R cosψθy + R sinψθx + za(t) (5)
We are therefore capable of choosing a sinusoidal progres-
sive wave for the cylinder of radius R and superposing a
movement in z-direction deﬁned by za(t).
If we are only interested in the generation of pro-
gressive wave, then Δz(t) = −R cosψθy + R sinψθx
depends only to the radius R of workpiece and the
amplitudes of rotation angles. In the case of having an
error in workpiece’s centering in the lower die, a move-
ment in z-direction is imposed on the workpiece in such
way z(t) = R1 cosψ1θy − R1 sinψ1θx with maximum
amplitude R1θmax.
On the other hand, if we want to achieve the suﬃcient
amplitude at one point on the die to keep the workpiece
on the die and to obtain the maximum velocity of defor-
mation V0, it is only important to consider the velocity at
point M on the die. The lower die’s radius determines the
amplitudes of the movement around rotations’ axes and
the movement along z.
In this paper, only the progressive wave created by two
rotations around two axes Ox and Oy will be studied. We
consider the movement of a point M at the lower surface
of the workpiece in a distance R from the center O. At
time t, the position of point M in the coordinate Oxy is
deﬁned by an angle α between Ox and OM .
The resultant angular velocity is −→ω M (t) = −→ω M ,x (t)+−→ω M ,y (t) and is deﬁned in Figure 1 and its magnitude is
given by ω(t) =
√
ω2x + ω2y = Ω0. The tangential velocity
at point M is deﬁned by −→v M and is calculated as:
−→v M (x, y, t) = −→ω M (t)×−−→OM (6)
In fact, point M is on the radius R of the matrix then−−→
OM = (R cos θ,R sin θ, 0)T , the tangential velocity at
point M is given by:
−→v M (t) =
∣∣∣∣∣∣
ωx cos θ
ωy sin θ
0 0
∣∣∣∣∣∣ = RΩ0 sin(αt− θ)−→z . (7)
The constant angular velocity vector −→ω M is projected on
the two axes Ox and Oy and is given by:
ωMx(t) = Ω0 cosα
ωMy(t) = Ω0 sinα (8)
where Ω0 is the maximum amplitude of angular velocity
and α = ωt, where ω is the angular velocity of vector −→ω M
around Oz .
The angular displacements θx and θy can be calculated
by the following equations:
θx(t) =
∫ t
0
ωMx(t) = θx0 +
Ω0
ω
sin(ωt)
θy(t) =
∫ t
0
ωMy(t) = θy0 −
Ω0
ω
cos(ωt) (9)
where θx0 and θy0 are the initial angles of rotation.
The upper die is supposed to move down at a constant
velocity V0. The instantaneous height reduction due to
these dies’ movements can be written as follows:
h(t) = h0−V0t−Rθ(t) = h0−V0t−R
∫ t
0
Ω0 sin(ωt+φ)dt
(10)
where h0 is the initial height of workpiece and θ(t) =∫ t
0 Ω0 sin(ωt+φ)dt is the angle of rotation due to the an-
gular velocity vector −→ω M at the point M at the moment
t with the initial angle φ.
Height reduction rate at point M can be written:
h˙(t) = −V0 −RΩ0 sin(ωt + φ) (11)
From Equation (11), we can obtain h˙max = −V0 + RΩ0.
If h˙max > 0, the contact between the workpiece and dies
is lost, therefore, the maximum value of h˙max is 0. In that
case, the maximum amplitude of the rotation depends on
the deﬁned velocity V0 and the radius of the workpiece:
Ω0max =
V0
R
(12)
In combination with this progressive wave movement, a
low frequency below 100 Hz can also be superimposed on
the point O of the lower die to investigate the eﬀect of uni-
axial vibration. The system must therefore be capable of
performing two rotations around two axes Ox and Oy and
one translation along the axis Oz. A kinematic diagram
of the mechanical system with required 3dof is shown in
Figure 2 where the two corresponding rotations occur at
the pivots and translation is materialized by sliding con-
nection. However, the use of elastic guiding in place of the
conventional guiding must be considered to prevent the
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Lower die 
x 
O 
z 
y 
Fig. 2. Kinematic scheme of mechanical system.
mechanical backlash which is incompatible with the very
small required displacements.
The piezoelectric actuators, which are widely used for
this kind of application [18], are promising sources of vi-
brations to meet these requirements. However, a method-
ology for designing and controlling mechanical system in-
tegrating multi piezoelectric actuators must be studied
further to realize the proposed kinematic movement.
3 Design of the mechanical system for multi
vibration assisted forging process
3.1 Design of the mechanical system
To beneﬁt from the high rigidity and strength of multi
layer piezoelectric actuators, the actuators must be placed
vertically to oppose the forging force. With the vertical
position of the actuators, a conﬁguration with at least
three actuators arranged equidistantly from the center
tray and a 120◦ angle is given in Figure 3. This arrange-
ment allows, by controlling the elongation of the actua-
tors, to deﬁne the inclination around Ox, Oy plane of the
matrix and its elevation along Oz. In addition, it allows
to oppose the tilting of the case of the eccentric load. If
the plot is properly centered, this conﬁguration provides
a balanced distribution of forging force on 3 actuators.
To achieve the equivalent movement of the lower die as
a progressive wave, it is necessary that the movement of
the actuators is synchronized. The instantaneous speed of
each actuator is determined by the instantaneous rotation
vector of the lower die given by Equation (8). Figure 4
can be used to determine the expression for the vertical
velocity for each actuator.
As can be seen in Figure 4, the terms of the vertical
speed of the actuators are provided by:
−→v 1 = R1Ω0 sin
(π
2
− α(t)
)−→z
−→v 2 = R1Ω0 sin
(
π
2
− 2π
3
− α(t)
)
−→z
−→v 3 = R1Ω0 sin
(
π
2
− 4π
3
− α(t)
)
−→z (13)
These relationships also show the advantage of this con-
ﬁguration which resembles like three phase voltage where
the speeds of the actuators are placed to form a three
phase system.
3.2 Transmission of forces and movements
to lower die
In this section, transmission of forces and movements
applied by piezoelectric actuator on the lower die will be
discussed. The mechanical system shown in Figure 5 takes
into account the diﬀerent established steps involved in the
transmission of the movement from piezoelectric actua-
tors to the center of the lower die. These steps consist of
the force and velocity transmission through contacts’ sup-
port, diﬀerent sphere-plane contacts and secondary plate.
The purpose is to study the kinematics of lower die
in real system. Schematic of resultant forces applied on
the lower die during the forging process is presented in
Figure 6. In general, movement of the mechanical system
consists of an elastic guidance system, secondary plate
and the lower die.
External forces applied to point O, the center of lower
die are Flopin and F1, F2, F3 as shown in Figure 6. In
this study, the inﬂuence of the frictional contact and the
change in orientation of the contact due to the rotations
of the plate are neglected. Therefore, these forces are as-
sumed vertical and moments are neglected at these points.
These forces come from the transmission of forces gen-
erated by 3 piezoelectric actuators Fp,1 , Fp,2 , Fp,3 and
forging Ff (Fig. 6). Taking in consideration, the orders
of size and speed of the lower die (90 mm diameter and
maximum speed of 6 mm.s−1), the forces generated by ac-
tuators Fp,I and forging Ff (of the order of several kN)
are dominant over the eﬀects of gravity, damping and cen-
trifugal forces. In this study, it was considered that if the
contact carriers have a mass of about 1 kg, the inﬂuence of
inertia is of the order of hundreds of Newton which means
that the forces F1, F2, F3 have orders of magnitudes sim-
ilar to those of the forces generated by the actuators.
Force and moments Fz ,Mx,My due to the force of
contact concentrated at the center of the plate are ob-
tained by reduction of the torsor of these three forces
applied by the piezoelectric actuators at contact point O.
Points of application of force of contact on the secondary
plate are shown in Figure 7. Tangential displacements of
the points of contact in the secondary plate caused by the
rotation of the plate can be neglected. Change in the ori-
entation of the contact force is also assumed to be negligi-
ble. In addition, the eﬀect of the friction is neglected and
we shall only considered the forces and velocities of the
contacts in the z direction, which are dominant as com-
pared to those in the plane perpendicular to the z axis.−→v1 , −→v2 and −→v3 are the three instantaneous velocity vec-
tors of points of contact Ii in z direction which belongs
to actuator axis. In order to ﬁnd a relationship between
the velocity of the point O in Oz and three velocities −→v1 ,−→v2 and −→v3 , we consider the inﬂuence of each velocity vec-
tor −→v1 , −→v2 and −→v3 at point O. We recall that −→ω1, −→ω2 et −→ω3
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y
X
Actuator 1
Actuator 2
Actuator 3
120º120º
R0
R1
Fig. 3. Conﬁguration of 3 piezo actuators mechanical system.
Fig. 4. Velocity of actuators deﬁned by vector of rotation of
lower die.
Elastic guiding system
Secondary plate
Contact support
Sphere-plane contact
Piezoelectric actuator
Fo,Vo
Fi,Vi
Fpi,Vpi
Fig. 5. Design of mechanical system consisting of three piezo-
electric actuators.
are velocity vectors of instantaneous rotation due to each
velocity vector of displacement −→v1 , −→v2 et −→v3 respectively
(Fig. 8). When one of the actuator is energized, the other
remains at rest, the instantaneous axis of rotation passes
Billet
Lower
Die
Piezoelectric 
actuator
Fig. 6. Schematic of the forces applied on lower die during
forging process.
Displacement of 
point of contact
Fig. 7. Schematic of the forces applied on secondary plate.
through the contact points corresponding to them. The
rotation vector (angular velocity) −→ωi is deﬁned by:
−→vi = −−→IiPi ×−→ωi (14)
The kinematic torsor at point O caused by the velocity−→vi can be written as:{ −→ωi
−−→vi/O
}
=
{ −→ωi
−−→
OPi ×−→ωi
}
(15)
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For small displacements, the kinematic torsor at point O
is calculated by:{−→ωO
−→vO
}
=
∑{ −→ωi
−−→vi/O
}
=
{ ∑−→ωi∑−−→
OPi ×−→ωi
}
(16)
The projection of Equation (16) at three axes
Ox, Oy, Oz gives:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
vz =
1
3
(v1 + v2 + v3)
ωx = ω1 − ω2 sin π6 − ω3 sin
π
6
ωy = ω3 cos
π
6
− ω2 cos π6
⇒
⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩
vz =
1
3
v1 + 13v2 +
1
3
v3
ωx =
(
2
3R
)
v1 −
(
2
3R
sin
π
6
)
v2 −
(
2
3R
sin
π
6
)
v3
ωy =
(
2
3R
cos
π
6
)
v3 −
(
2
3R
cos
π
6
)
v2
⇒
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩
v1 = vz + Rωx
v2 = vz − R2 ωx −
√
3R
2
ωy
v3 = vz − R2 ωx +
√
3R
2
ωy
with vcontact = [vx vy vz ωx ωy ωz]
T , the velocity vector of
the point O imposed by the contacts and elastic guide
for small displacements and the relationship can be
expressed in a matrix form as:
⎡
⎢⎣
v1
v2
v3
⎤
⎥⎦ =
⎡
⎢⎢⎢⎢⎣
0 0 1 R 0 0
0 0 1 −R
2
−R
√
3
2
0
0 0 1 −R
2
R
√
3R
2
0
⎤
⎥⎥⎥⎥⎦
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
vx
vy
vz
ωx
ωy
ωz
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
= Avcontact (17)
The relationship between the forces applied at contacts
and the resulting force at center O can be found by con-
centrating the force torsors at the center of plate. The
force of contacts considered in this case is assumed ver-
tical as assumptions before. Note that
−→
M1,
−→
M2 and
−→
M3
are the instantaneous moments caused by each vertical
component of force of contact
−→
F1,
−→
F2 and
−→
F3 as shown in
Figure 9.
The static torsor at point O can be calculated as:⎧⎨
⎩
−→
FO
−−→
MO
⎫⎬
⎭ =
∑⎧⎨
⎩
−→
Fi
−−−→
Mi/O
⎫⎬
⎭ =
⎧⎨
⎩
∑−→
Fi∑−−→
OIi ×−→Fi
⎫⎬
⎭ (18)
⎧⎪⎨
⎪⎩
Fz = F1 + F2 + F3
Mx = RF1 − F2R sin π6 − F3R sin π6
My = F3R cos π6 − F2R cos π6
Fig. 8. Schematic of the kinematic tensor.
Fig. 9. Schematic of the static tensor.
So, the resultant vector of force of contact Fcontact can be
written in matrix form as:
Fcontact =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
Fx
Fy
Fz
Mx
My
Mz
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0 0 0
0 0 0
1 1 1
R −R
2
−R
2
0 −R
√
3
2
R
√
3
2
0 0 0
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡
⎢⎣
F1
F2
F3
⎤
⎥⎦ = B
⎡
⎢⎣
F1
F2
F3
⎤
⎥⎦
(19)
It can be noted that:
B = A (20)
To establish the energetic macroscopic representation
(EMR), it is necessary to study the properties of this me-
chanical coupling with energy conservation point of view.
The power developed by the contact forces and applied
to the plate is calculated by:
P = Fcontactvcontact (21)
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Fcontact 
vcontact 
F2 
F1 
F3 
v2 
v3 
v1 B 
A 
Fig. 10. EMR of mechanical coupling.
Using the relationship (19), it becomes:
P = (BF)vcontact = FBvcontact
which, taken in account the property (20), can be writ-
ten as:
P = FAvcontact
Finally, from the kinematic relationship (17):
P = Fv (22)
It can be seen from this calculation that the model sat-
isﬁes the conservation of power which allows to check
the consistency of the approximations made and allows it
to associate a macroscopic energy representation as pro-
posed in Figure 10.
4 Finite element (FEM) simulation
for forging process with multisource
vibrations
Finite element simulations have been performed in
viscoplastic domain for forging processes with and with-
out vibrations in FORGE2011 r©. FEM simulations with
single vibration has earlier been performed in viscoplas-
tic domain using Norton Hoﬀ law [18, 19] and has been
veriﬁed analytically and experimentally. Since this paper
also focuses on a viscoplastic behavior, the material be-
havior will be expressed by Norton-Hoﬀ constitutive law
(extracted from Hansel and Spittel rheology law) [21],
according to which:
σ0 = k εnε˙m (23)
From Equation (23), it can be seen that the ﬂow stress σ0
depends on the equivalent deformation ε, the equivalent
deformation rate ε˙ along with the coeﬃcients of material
(the consistency k, the hardening coeﬃcient n and the
sensitivity to strain rate m).
Because this study is about cold forging process, the
temperature terms are not included in this model. Fric-
tion is taken into account by using a Coulomb limited
Tresca model as it was taken in case of single vibration
F 
Lower die with 
generic press  
Workpiece
 
Upper die 
X Y 
Z 
(0 0 0) 
(0 0 -40) 
Fig. 11. FORGE2011 r© model for FEM simulations.
(source) [21] to facilitate the comparison. All the friction
and material parameters are kept same as before [21].
The input data for this simulation are the two angular
velocities generated by Equations (9) and transferred to
software FORGE2011 r© with the help of generic press for
further use during the forging process. Figure 11 presents
the FORGE model, showing the three main parts of the
forging process (upper die, workpiece and lower die).
In these simulations, aluminum was used as workpiece
material to perform forging process. Other materials can
also be used, as material coeﬃcients have to be changed
accordingly in the workpiece material ﬁle. Table 1 summa-
rizes the diﬀerent parameters of model and process used
in these simulations.
The simulation starts at time t = 0, then the ini-
tial angular displacements θx0, θy0 are calculated from
Equation (9) as follows:
θx(0) = 0; θy(0) = 0;
⇒ θx0 = 0; θy0 = Ω02πf =
V0
2πfR
= −0.00239 rad = −0.137◦
Presence of rotation in the lower die can be found out
by measuring displacement for small period of time. Sim-
ilarly, the presence of rotation on the lower surface of
workpiece can be measured with the help of a-priori sen-
sors during the simulation. This option is available in the
FEM software FORGE2011 r©. These sensors can also be
used to ﬁnd out other important data measurement such
as total strain, strain rate, displacement and velocities in
x, y and z directions at any time during the simulation.
Once the presence of rotation at the upper surface of
lower die and in the lower surface of workpiece has been
veriﬁed, the eﬀect of the multi vibration on the forging
process can be observed. This can be done by compar-
ing the forging load required for the processes with and
without multi vibration.
This comparison has been presented in Figure 12. Fig-
ure 12a presents load required for the forging processes
with and without vibration. It shows that there is forging
load reduction when multi vibrations have been applied.
Normalized load reduction can be found out by nor-
malizing the forging load over the time. Normalized load
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Table 1. FEM model parameters used for forging process simulations.
Parameters and values
Die (Steel) Non deformable
Workpiece material coeﬃcient (Aluminum) k = 161.9; n = 0.2;m = 0.1
Friction coeﬃcients μ = 0.05, m = 0.8
Workpiece geometry R = 20 mm; h0 = 40 mm
Workpiece ﬁnal height hf = 15 mm
Upper die velocity V0 = −3 mm.s−1
Progressive wave frequency f = 10 Hz
Rotation velocity Ω0 = Ω0max = 0.15 rad.s
−1
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Fig. 12. (a) Load versus time for forging processes with and
without multi vibration. (b) Gain in forging load reduction:
f = 10 Hz and Ω0max = 0.15 rad.s
−1.
reduction or gain in forging load reduction (ratio of
forging load with vibration and without vibration G = FvF0
is presented in Figure 12b. Forging load reduction of
21.5% has been obtained at the end of the process. It
can be seen that initially gain in forging load reduction
is small but with time, this gain has increased as plastic
deformation increases. This phenomenon shows the ad-
vantage of using progressive wave in the forging process.
In Figure 13, the velocity ﬁeld has been plotted for
two time instants during the time period T = 0.1 s (t =
2−2.1 s). It can be clearly seen that there is change in the
velocity vector’s direction from the right side of workpiece
in Figure 4a to the left side of workpiece in Figure 4b
during a half period of the progressive wave. In one of two
cases, the direction of velocity ﬁeld direction is opposing
the slip direction and in second case it is supporting slip.
This explains the reduction of the stress in the material
and the reduction of the friction on the lower die.
5 Conclusions and future work
In this work, presence of progressive wave is predicted
with the help of two rotations generated by multiple vi-
bration source during the forging process. The kinematic
study has been presented and applied during the forging
process simulation performed in the Forge2011 r©. Simu-
lation’s results conﬁrm the gain in forging load reduc-
tion. Idea of applying multi-vibration sources to generate
progressive wave during the forging process has been dis-
cussed for the ﬁrst time and an experimental approach
to employ it is in process. For this purpose, mechani-
cal design of an experimental setup has been proposed
which details the transmission of force and movement
from piezoelectric actuator to lower die of the forging or
compression machine. Progressive wave can be generated
with the help of two rotations but in reality we need three
piezoelectric actuators to produce rotation in two direc-
tions. Decision of obtaining two rotations and one trans-
lation can be authorized with the help of programming
through micro controller. In addition, vertical movement
(translation) in z direction can give additional advantage
in forging load reduction.
In the future work, experiment needs to be per-
formed based on the mechanical design developed for this
purpose. A mechanical system must be designed with
the strict conditions to support the forging load (up to
12 kN) and generate the displacements (in order of μm)
to perform a proposed progressive wave of movement in
the lower die.
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(a) t=2.025sec (b) t=2.075sec 
Fig. 13. Velocity ﬁeld of workpiece (a) t = T
4
, (b) t = 3T
4
.
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